Summary
We have studied the topogenesis of a class of mitochondrial outer membrane proteins which expose a hydrophilic domain to the cytosol and are anchored to the membrane by a single transmembrane domain in the N-terminal region. To determine the role of these latter sequences in the targeting and insertion of such proteins we took two approaches. First, a functional complementation assay was used to define the structural elements that together with the anchor domain make up the topogenic signal. Moderate hydrophobicity of the transmembrane domain was found to be the most important requirement. Variants with a scrambled sequence of the membrane spanning segment were only partially functional suggesting that specificity in the amino acid sequence is also of considerable importance. A net positive charge at both flanking regions of the transmembrane domain contributes to the efficiency of targeting and membrane integration but is not an essential structural feature of this signal. Second, chimeras of Tom20, Tom70 and OM45 were generated which contained the cytosolic domain of Tom20 or Tom70 and the anchor domain of one of the other members of the class. These hybrid proteins were able to rescue the growth of cells lacking Tom20 or Tom70. Thus, anchor domains of outer membrane proteins are functionally interchangeable. They play only a minor role in the specific function of these proteins, but have a decisive role in topogenic signaling.
Introduction
The targeting of most mitochondrial preproteins is mediated by cleavable N-terminal extensions of about 20-50 amino acid residues (the presequences or matrix targeting signals), which are necessary and sufficient to direct them into the mitochondria (1, 2) . Yet, all preproteins of the mitochondrial outer membrane are devoid of a typical N-terminal presequence. The targeting information is rather contained in the protein sequence itself.
A special class of mitochondrial outer membrane proteins includes those containing a single transmembrane segment at their N-terminal. The three known members of this class are Tom20, Tom70 and OM45 ( Fig. 1) (3) . These proteins are present in the outer membrane in an orientation, where the bulk of the polypeptide is exposed to the cytosol and only a small N-terminal segment crosses the outer membrane. They are called "signal-anchored" proteins since their TMD together with its flanking regions serve both as an intracellular sorting signal and as an anchor to the membrane. Tom20 and Tom70 are examples of this class of proteins. They function as receptor proteins that mediate the import of preproteins. Tom20 is involved in the translocation of most protein precursors, in particular those with N-terminal targeting signals (4, 5) , whereas Tom70 forms a binding site for a more restricted set of preproteins, most notably the mitochondrial carrier family (6) (7) (8) . OM45, another member of this class, is a very abundant protein in the yeast mitochondrial outer membrane whose function, however, is unknown (9) . In this study we have used the yeast Saccharomyces cerevisiae to obtain a detailed view on the roles of the various structural motifs in the signal-anchor domains. This model organism allows a combination of genetic and cell biological approaches and takes advantage of the extensive existing knowledge on the molecular biology of mitochondrial biogenesis.
We have employed an in vivo functional complementation assay which can not only provide information on the correct intracellular sorting of the protein of interest, but can also reveal whether the protein acquired the native topology and is functional. Our results imply that moderate hydrophobicity is the important structural characteristic of a mitochondrial signalanchor domain. Positively charged amino acid residues in the flanking regions of the membrane spanning segment enhance targeting and function but are not essential.
Remarkably, the signal-anchor domains of Tom20, Tom70 and OM45 are functionally interchangeable. Thus, they appear to play only a limited role, if any, in the distinctive function of these proteins. Their main task seems to be targeting the functional domain of the protein to the mitochondria and placing them on the surface of the outer membrane. These results imply that Tom20 and Tom70 are recruited to the TOM complex via their cytosolic domains.
Experimental Procedures

Yeast strains and growth methods
Standard genetic techniques were used for growth and manipulation of yeast strains (12) glycerol) medium. For plate tests cells were grown to log phase in synthetic medium or synthetic medium lacking uracil (SD-Ura) and diluted in SD-Ura medium to an OD 600 of 0.5.
Cells were then diluted in 10-fold increments, and 5 µl of each was spotted onto the indicated solid media. The tom20 null strain YTJB64 and its corresponding parental strain YTJB4 were used (kind gift of Drs. G. Schatz and C. Koehler) (13) . For checking functionality of Tom70 variants the JY009 strain was used (14) .
Recombinant DNA Techniques
For in vitro transcription and translation of OM45, the OM45 open reading frame was amplified by PCR from genomic yeast DNA. The resulting product was digested with BamHI and PstI and cloned into the BamHI/PstI sites of pGEM4 vector (Promega, Madison, WI).
For expression of OM45(1-32)-GFP in yeast cells, the sequence encoding the N-terminal 32 amino acid residues of OM45 was amplified by PCR, treated with EcoRI and BamHI and subcloned into the EcoRI/BamHI sites of pYX232-mtGFP (15) . Tom20 variants were constructed by standard molecular biology techniques and were introduced into the multicopy plasmid, pRS426xTPIp-URA3 (kind gift of Dr. K. Dietmeier).
The scrambled variants of Tom20 were constructed by PCR using a primer encoding the scrambled sequence. Few variants were also cloned into the yeast expression vector pRS416
where the protein was expressed under the endogenous promoter of TOM20. In those cases 6 similar results were obtained with both types of plasmids. Tom70 variants were introduced into the multicopy plasmid, pYX142 (Invitrogene). Wild type TOM70 in pRS315 vector was a kind gift of Dr. Jason Young (14) .
Biochemical methods
Mitochondria for in vitro import experiments were prepared by differential centrifugation as described (16) . The sequential isolation of mitochondria and ER from yeast cells was performed according to published procedure (17) , with slight modifications. Lysate of yeast cells was centrifuged twice at 1500xg to remove cell debris and nuclei. The clarified lysate was then centrifuged at 12,000xg yielding crude mitochondria in the pellet. The supernatant of this step was centrifuged at 100,000xg resulting in a pellet enriched in ER and a supernatant containing cytosolic proteins. Crude mitochondria were resuspended in sucrose containing buffer and another centrifugation step (2000xg) was performed to remove residual impurities. The supernatant of this latter step was further treated as described. MOPS-KOH, pH 7.2). After a clarifying spin (20 min, 36,700xg), the supernatants were incubated with antibodies that were pre-coupled to protein A-Sepharose beads.
Blue native gel electrophoresis (BNGE)
Mitochondria (50 µg) were lysed in 50 µl detergent-containing buffer (0.7% digitonin, or 0.2% dodecylmaltoside in 20 mM Tris-HCl, 0.1 mM EDTA, 50 mM NaCl, 10% glycerol, 1 mM PMSF, pH 7.4). After incubation at 4°C for 10 min and a clarifying spin (20 min, 36,700xg), 5 µl sample buffer (5% (w/v) Coomassie brilliant blue G-250, 100 mM Bis-Tris, 500 mM 6-aminocaproic acid, pH 7.0) were added, and the mixture was analyzed on a 6 to 13% gradient blue native gel (19).
Results
Characterization of the targeting signal of Tom20 -To characterize the targeting and membrane-integration information within signal-anchored proteins we used an in vivo functional complementation assay. Deletion of the gene encoding Tom20 in yeast was reported to result in cells that cannot grow on a non-fermentable carbon source (20,21). We observed slight growth of tom20 null strain on glycerol at 30°C (not shown), but no growth was observed at 15°C ( Fig. 2A) . Therefore, we used the ability of Tom20 variants to complement the growth phenotype at 15°C as a measure of correct targeting to and function in the TOM complex. First, we verified that transforming tom20 null strain with yeast expression vector containing the gene encoding Tom20 can rescue the tom20 null phenotype ( Fig. 2A) . This result shows that pre-existing Tom20 is not absolutely required for the correct import of newly synthesized Tom20 precursors. In agreement with this, import in vitro of newly synthesized Tom20 was found not to be dependent on the presence of cytosolic domains of import receptors (22). Expression of a Tom20 variant that lacked the signalanchor domain (residues 1-36) did not restore growth on a non-fermentable carbon source ( Fig. 2A, Tom20(cyt) ). Thus, the signal-anchor domain is essential for the function of Tom20. (Fig. 1) . To determine the importance of these residues we constructed a protein where the first six amino acid residues were deleted, Tom20(∆1-6). This variant facilitated growth on glycerol ( Fig. 2A) . Hence, residues 1 to 6 are not essential for targeting to and function within mitochondria. The importance of the positive charge of Arg9 was tested by introducing a negatively-charged residue in this position and thereby changing the net charge at the N-terminal flanking region from +1 to -1. This mutation did not interfere with targeting and function of Tom20 when present either in the native protein (Tom20R9E) or in the variant lacking the first six amino acid residues (Tom20∆1-6, R9D)( Fig. 2A ). It appears that specific residues in the N-terminal flanking region are not essential for targeting and function.
Are the positively-charged residues at the C-terminal flanking region crucial for targeting and function? The two arginine residues, Arg33 and Arg34, were replaced by glutamine residues resulting in a net one negative charge in this region. The resulting Tom20 variant (Tom20-R33Q,R34Q) supported growth on glycerol, although to a much lesser extent 9 ( Fig. 2B ). Faster growth, as compared to the latter strain, was observed when the net charge in the C-terminal flanking region was made neutral by mutating, in addition to Arg33 and Arg34, also Asp30 to a glutamine residue (Tom20-D30Q,R33Q,R34Q) (Fig. 2B ). In contrast, no growth was seen when the net charge at the C-terminal flanking region was changed to -3 upon replacing both Arg33 and Arg34 by glutamic acid residues (Tom20-R33E,R34E) (Fig.   2B ).
Is the growth of the cells correlated with the amounts of Tom20 variants in the mitochondria? Crude mitochondria were isolated by differential centrifugation from wild type and transformed cells and the levels of Tom20 were determined by immunodecoration (Fig. 2C ). Tom20-R9E that supports growth was present at wild type level in the isolated mitochondria ( Fig. 2C ). In contrast, hardly any Tom20-R33E,R34E was detected in the mitochondria and most of the protein was found in the supernatant (Fig. 2C ). The total level of Tom20-R33E,R34E was very low. A clear correlation between the level of growth and the amount of Tom20 in the mitochondria was also found with other strains. The Tom20 variant that could not support growth, Tom20-R9E,R33Q,R34Q was completely absent from the mitochondria. Tom20-D30Q,R33Q,R34Q, on the other hand, could support growth much better than Tom20-R33Q,R34Q and indeed higher amounts of the former variant were found in mitochondria (Fig. 2C ). This correlation suggests that most likely the lack of function is due to a defect in proper targeting resulting in degradation of the protein, rather than defects in the function after proper sorting and insertion into mitochondria. Table I Growth of a TOM20 deletion strain harbouring the different Tom20 variants (including further variants with altered net charge) are summarized in Table I . From these data we conclude that a positive charge in both C-and N-terminal flanking regions is not an absolute requirement for targeting and membrane insertion. Remarkably, a Tom20 variant lacking any positively-charged residues at both flanking regions promoted efficient growth of the yeast cells (Tom20-R9Q,D30Q,R33Q,R34Q, Table I ). A major fraction of Tom20 variants with a neutral or even negative charge in one of the flanking regions was targeted to mitochondria as long as the opposite flanking region had positive charge. None of the variants with an overall negative charge at both flanking regions could support growth to a significant extent.
Hydrophobicity is the major structural determinant of the signal-anchor domain of Tom20
-Structural characteristics other than charges in the flanking regions appear to represent crucial elements in mitochondrial signal-anchor domains. Hydrophobicity and/or the length of the membrane-spanning segment could be important. To test this possibility we constructed hybrid proteins composed of various parts of the signal-anchor domains of Cue1 and Tom20. Cue1 is a signal-anchored protein embedded in the membrane of the ER (23) . Its single TMD is shorter and more hydrophobic than that of Tom20 (Fig. 3A) . When the entire signal-anchor domain of Cue1 (amino acid residues 1-33) was fused in front of the cytosolic domain of Tom20, rescue of growth was not observed (Fig. 3B, variant 1) . Likewise, a construct in which only the membrane-spanning segment of the two proteins was exchanged leaving the flanking regions of Tom20 unaltered, did not support growth (Fig. 3B, variant 3) .
To exclude the possibility that the lack of rescue is due to the shorter length of the TMD of Cue1, this latter segment was introduced to replace the first 15 amino acid residues of the transmembrane segment of Tom20 (Fig. 3A,B, variant 2) . Although the resulting transmembrane segment had a similar length as the authentic Tom20 segment it did not support growth. Thus, moderate hydrophobicity rather than length seems to be crucial for mitochondrial targeting. This view is supported by the observation that exchange of four residues in the transmembrane domain of Tom20 by the hydrophobic residues, Ile or Leu, resulted in reduced growth (Fig. 3A,B, variant 4) . We further determined the location of the various Tom20 variants by sub-cellular fractionation. The vast majority of wild type Tom20 and a Tom20 variant lacking charges at the flanking regions [Tom20-4Q(R9Q,D30Q,R33Q,R34Q)] was found in the mitochondrial fraction (Fig. 3C) . In contrast, those variants containing the TMD of Cue1 were located mainly to the ER. Although we cannot exclude the possibility that the TMD of Cue1 contains a yet unidentified dominant ER targeting signal, we propose the elevated hydrophobicity of the transmembrane domain to promote targeting of the protein to the ER.
Is there specificity in the amino acid sequence of the TMD or is only modest average hydrophobicity important? To answer this question we generated two variants of Tom20 where the sequence of the TMD was scrambled (Fig. 3D) . Although the average hydrophobicity of the TMD is retained in these variants they were able to rescue the growth phenotype of tom20 null strain only partially (Fig. 3D) . Thus, the specific sequence of the span is also important. Since the signal-anchor domains of other outer membrane proteins can successfully replace the signal of Tom20 (see below), we do not believe that the specific order of the amino acids is required for sequence-specific interactions with other proteins.
Rather, the specific sequence of a native signal was probably optimized during evolution for the formation of a helical secondary structure required for targeting and insertion. As expected, the scrambled sequences cannot promote the formation of such a structure with a similar efficiency. Figure 3 OM45 is a signal-anchored protein -Tom20 and Tom70 as subunits of the TOM complex itself could follow a special import pathway. Therefore, we wanted to extend our study to an outer membrane protein which is unrelated to the TOM complex. OM45 was suggested to be a signal-anchored protein but experimental evidence for this assumption was not presented (9) . We tested whether the transmembrane segment of OM45 and its flanking regions are sufficient for mitochondrial targeting. A hybrid protein containing the first 32 amino acid residues of OM45 in front of GFP was transformed into yeast cells. The OM45(1-32)-GFP protein co-localized with a mitochondrial specific dye (Fig. 4A ). Cells transformed with full length OM45 fused to GFP exhibited a similar fluorescence pattern (not shown, see ref. 24 ).
Thus, amino acid residues 1-32 of OM45 are sufficient to target a passenger protein to the mitochondrial outer membrane. Next, we verified that the signal-anchor domain is indeed necessary for import into mitochondria. Radiolabeled precursor of OM45 was imported in vitro into mitochondria and its insertion into the mitochondrial outer membrane was assessed by carbonate extraction followed by analyzing the extraction products on sucrose gradients (Fig. 4B) . Full length precursor of OM45 and the endogenous OM45 were found in the upper zone of the gradient, whereas soluble proteins like aconitase are in the lower part of the gradient. A precursor lacking most of the TMD due to initiation of translation at Met21 fractionated at the bottom of the gradient (Fig. 4B) . Thus, in a cell free import system OM45 can be targeted to and become anchored in the mitochondrial outer membrane in a process that requires its TMD.
The signal-anchor domains of OM45 and Tom70 can functionally replace that of Tom20
Does the signal-anchor domain of Tom20 have a specific role in the function of the protein?
To address this question we investigated whether a signal-anchor domain of another outer membrane protein, like Tom70 or OM45, can functionally replace the one of Tom20.
Chimeric proteins containing the signal-anchor domain of either OM45 (residues 1-32) or Tom70 (residues 1-41) fused to the cytosolic domain of Tom20 were constructed. Both proteins, OM45(1-32)-Tom20(cyt) and Tom70(1-41)-Tom20(cyt) could rescue the growth phenotype of tom20 null strain (Fig. 5A) . Hence, targeting and anchoring of Tom20 cytosolic domain to the mitochondrial outer membrane can be mediated by signal-anchor domains of other mitochondrial outer membrane proteins but not by a signal-anchor of a protein residing in the ER. Figure 5 We further investigated whether a hybrid protein composed of the signal-anchor domain of Tom20 in front of the passenger protein DHFR is able to assemble into the TOM complex. The radiolabeled hybrid protein was observed to associate with mitochondria upon incubation in vitro (Fig. 5B) . However, only negligible amounts of the precursor were precipitated by antibodies against Tom40 and Tom22, whereas imported Tom20 precursor was efficiently immunoprecipitated with the TOM complex (Fig. 5B) . We conclude that the signal-anchor domain of Tom20 plays a minor role, if any, in the assembly of this protein into the TOM complex. (Fig. 6A) . A purified cytosolic domain of Tom70 also migrated as a dimer under these conditions (not shown) or when analyzed in size exclusion chromatography (14) . A previous study had suggested that dimerization of Tom70 is mediated by specific alanine residues in its membrane-spanning segment (25) . Taken together, our current results suggest that dimerization of Tom70 can be mediated by both the cytosolic domain and the transmembrane segment.
To test whether the hybrid protein folds properly mitochondria were treated with low concentration of trypsin to cleave off the characteristic 60 kDa cytosolic domain of Tom70 (6) . The 60 kDa fragment was generated with wild type and hybrid Tom70, although in the latter case with somewhat reduced efficiency (Fig. 6B) . Hence, the signal-anchor domain of OM45 can direct the cytosolic domain of Tom70 to the mitochondrial outer membrane where homodimerization occurs and the protein folds into its native conformation. (Fig. 6C) . When a non functional signal-anchor domain (OM45(1-32)R4E or Tom20(1-36)R9E,R33E,R34E) was fused to the cytosolic domain of Tom70, restoration of growth was not seen (Fig. 6C and not shown) .
Taken together, our results demonstrate that the signal-anchor domains from all three outer membrane proteins tested (Tom20, Tom70 and OM45) are functionally interchangeable.
The targeting signal of OM45 -The deletion of OM45 did not result in a significant growth phenotype under all conditions tested (ref. 9 and our unpublished observations).
Nevertheless, the ability of the signal-anchor domain of OM45 to target the cytosolic domain of Tom20 to the outer membrane enabled us to use the functional complementation assay described above to characterize the signal-anchor domain of OM45. Charge variants of the targeting signal of OM45 were constructed and fused in front of the cytosolic domain of Tom20. When Arg4 was replaced by a serine residue targeting and function were not impaired (Fig. 7A) . In contrast, hardly any rescue of growth was observed upon introducing a glutamate residue in this position (Fig. 7A) . We verified that the observed growth phenotypes were correlated with the amount of the respective protein embedded in the mitochondrial outer membrane (Fig. 7B) . The variant OM45(1-32)R4E-Tom20(cyt) was associated with the mitochondria but only a small fraction was properly inserted in the outer membrane (Fig.   7B ). This explains its poor ability to restore growth.
Figure 7
The segment comprising residues 1-26 of OM45 was also sufficient for targeting the cytosolic domain of Tom20 to the outer membrane (Table II) . Growth was observed even upon replacing the positively-charged Lys26 by either glutamine or glutamate residue (OM45(1-26)K26Q-Tom20(cyt) and OM45(1-26)K26E-Tom20(cyt), respectively) (Table   II) . A construct that contained a net neutral charge at both flanking regions, OM45(1-26)R4S,K26E-Tom20(cyt), did support growth, whereas mutating both Arg4 and Lys26 to glutamate resulted in marginal growth (Table II) . In conclusion, a net positive charge in the N-or C-terminal flanking region of the anchor segment of either OM45 or Tom20 is not crucial for targeting to mitochondria and membrane integration. 
Discussion
Proteins of the outer membrane of mitochondria play important and essential roles in the life of these organelles, and thereby of cells. So far, however, little is known about their molecular structures, functions and topogenesis. We have investigated here a class of proteins located at the surface of mitochondria which expose a hydrophilic domain to the cytosol and are anchored to the outer membrane by an N-terminal transmembrane segment.
We show that N-terminal domains of diverse mitochondrial proteins are functionally interchangeable. Considering the lack of sequence similarity in these regions this observation is rather surprising. Our results imply that the specific assembly of Tom20 and Tom70 into the TOM complex is mediated mainly by the cytosolic domains of these receptor proteins. In agreement with this view the cytosolic domain of Tom20 was found to interact with the cytosolic domains of Tom70 and Tom22 (10, 26) . The lack of interactions between the membrane spanning domains of Tom20 and Tom70 and membrane embedded elements of the TOM complex would also explain why Tom20 and Tom70 are only peripheral members of the TOM complex (27, 28) . We propose that the main function of the N-terminal signalanchor domains of Tom20 and Tom70 is not in their recruitment to the TOM complex but rather to keep these proteins in the plane of the outer membrane so that they can collect precursor proteins at the whole mitochondrial surface. As shown here, a Tom20 without its Moderate hydrophobicity of the TMD appears to be the key parameter for signalanchor domain carrying preprotein to mitochondria. Introducing a more hydrophobic TMD without altering the flanking regions prevented correct targeting to and function in the mitochondrial outer membrane. Even mutating only four residues in the Tom20 TMD to more hydrophobic ones resulted in growth retardation. These results are in line with a previous report which describes targeting of mammalian Tom20 to the ER/secretory pathway if its transmembrane domain was mutated to become more hydrophobic (11) . The importance of hydrophobicity is emphasized by the finding that a negative charge at the N-terminal flanking region is much better tolerated in the context of the signal-anchor domain of Tom20 as compared to that of OM45. We propose that this difference is related to the higher hydrophobicity of the transmembrane domain of OM45 (Fig. 1) . In the case of Tom20 the deviation from the optimal charge distribution is compensated by a favourable hydrophobicity (a relative low one). In contrast, the high hydrophobicity of the transmembrane domain of OM45 does not allow a further deviation in the direction of a more negative charge. Modest hydrophobicity however is not the only structural requirement.
Since Tom20 variants with scrambled sequence of the TMD can only partially fulfil the function of the protein, it is apparent that the native sequence better supports the formation of a favoured structural element, most probably an α-helix.
In conclusion, we suggest that the signal for mitochondrial targeting and insertion in N-terminal anchor proteins is composed of two elements with a clear hierarchy. The most important criterion is moderate hydrophobicity of the transmembrane domain, while positively-charged residues in the flanking regions cooperate with the transmembrane domain to improve targeting and anchoring in the outer membrane. Anchor domains that fulfill these structural requirements are functionally interchangeable. They play only a minor role in the specific function of these proteins, but have a decisive role in topogenic signaling. 
a Nine amino acid residues were taken into account at the N-and ten at the C-terminal flanking region. The dash represents the transmembrane domain. b NR, not relevant. c Tom20(cyt), the cytosolic domain of Tom20. 
